Human monocytes purified by elutriation were cultured for 3 d in Teflon bags with or without human recombinant interferongamma (rIFN'y). The cells were then collected and used in suspension to determine the rate of stimulus-dependent superoxide or hydrogen peroxide formation as a measure of the NADPH-oxidase. The treatment with IFN7 increased this rate two-to threefold when phorbol myristate acetate (PMA) was used as the stimulus. By contrast, no IFNy-dependent increase in superoxide production was observed when the cells were stimulated with different concentrations of the receptor agonist N-formyl-methionyl-leucyl-phenylalanine (f-Met-LeuPhe) alone or in combination with another receptor agonist, platelet-activating factor (PAF). At optimum concentrations, f-Met-Leu-Phe elicited rates of superoxide formation that could not be exceeded under other stimulatory conditions including PMA after treatment with IFNy. It thus appears that f-Met-Leu-Phe can lead to maximum activation of the NADPH-oxidase, and that this response is not influenced by IFN'y. Treatment with IFNy also failed to affect the affinity of PMA-or f-Met-Leu-Phe-stimulated oxidase for NADPH, the K. values being 30 to 40 ;&M under all conditions. IFN-y did not alter the cellular levels of cytochrome bss5, as measured by low-temperature spectroscopy, and protein kinase C, as measured by [3Hjphorbol dibutyrate binding, and did not appreciably influence the stimulus-dependent increase of cytosolic free calcium.
Introduction
It is well established that the macrophage-activating factor produced by stimulated T lymphocytes corresponds to inter-concentration; HBSS/BSA, Hanks' balanced salt solution containing 2.5 mg/ml bovine serum albumin; IFN-y and rIFNy, (recombinant) interferon-gamma; PAF, platelet-activating factor; PMA, phorbol 12-myristate 13-acetate; PDBu, phorbol 12,13-dibutyrate; quin-2 and cultured in the presence of IFNy produce higher amounts of hydrogen peroxide after stimulation with phorbol myristate acetate (PMA) (1, 6) . This increased metabolic capacity has been related to the enhanced antimicrobial and cytotoxic activity of IFN-y-treated macrophages (2, 7, 8) , and has been considered a biochemical correlate of macrophage activation (9) . It was shown that human macrophages have to be treated with IFNy for a few days to develop maximum responsiveness to PMA, suggesting the involvement of an inductive process (1, 6) . The higher production of hydrogen peroxide has been related to an increased affinity of the respiratory burst oxidase for its substrate, NADPH (10) . Enhanced NADPH-oxidase activity and a decreased Km for NADPH have been reported earlier for murine peritoneal macrophages activated by various in vivo treatments (1 1-13).
All the above studies were performed with adherent cells, and the amounts of hydrogen peroxide released were determined over time periods of 30-120 min. In the present investigation we have attempted to gain more direct information on the NADPH-oxidase activity using kinetic measurements. Human monocytes purified by elutriation were activated by culturing in the presence of recombinant IFNy (rIFNy) in Teflon bags, and the rates of superoxide or hydrogen peroxide production after stimulation with PMA or the receptor agonists N-formyl-methionyl-leucyl-phenylalanine (f-Met-LeuPhe) and platelet-activating factor (PAF) were recorded using single-cell suspensions. Our results confirm the earlier findings with PMA as the stimulus (1, 6, 10) , but show that IFN'y treatment does not enhance the respiratory burst response of human macrophages to f-Met-Leu-Phe alone or in combination with PAF and does not alter the level ofthe oxidase nor its affinity for NADPH.
ing 5% BSA and 0.5 mM EDTA, and then subjected to centrifugal elutriation (14) . Monocyte fractions of purity > 90% were pooled, washed once with DME containing 4.5 g/liter D-glucose and finally resuspended at 106 cells/ml in DME supplemented with 13% acidtreated human AB plasma (14) .
Teflon bag cultures. Monocytes (106 cells/ml) were cultured for 3 d as described by Andreesen et al. (15) with some modifications. Monocyte suspensions in media containing the appropriate amount ofrIFNy were poured into ultraviolet sterilized Teflon bags which were sealed with adhesive tape. After 3 d at 370C in 5% CO2/95% air, the bags were rubbed with the fingers and opened by cutting an edge off. The cells were collected, cooled on ice for 5 min, centrifuged at 250 g for 10 min at 20C and resuspended (6 X (20) . Briefly, monocytes were diluted to 4 X 106 cells/ml with 130 mM NaCl, 4.6 mM KC1, 5 mM NaHCO3, 5.6 mM D-glucose, 20 mM Na-HEPES, pH 7.4, and loaded for 15 min at 37°C with 0.6 nmol/106 cells quin-2/AM (3 Ml/ml of 0.8 mM quin-2/AM in acetone). The cells were then centrifuged for 8 min at 160 g, resuspended in the above medium containing in addi- Fig. 2 . The response to f-Met-Leu-Phe was almost immediate and leveled off after 2-3 min while the response to PMA was somewhat delayed and of much longer duration. In both cases, the rate of superoxide production depended on the stimulus concentration (as shown for f-MetLeu-Phe). When maximum effective concentrations (i.e., 500 nM f-Met-Leu-Phe or 300 nM PMA) were applied to control cells, the rate of superoxide production elicited by the chemotactic peptide was much higher than t4at elicited by pMA. tions of rIFNy, and the rlFNj-(U/mi) maximum rate ofsuperoxide formation in response to 500 nM f-Met-Leu-Phe (A) or 300 nM PMA (o) was determined (see Fig. 2 following stimulation with PMA but not with f-Met-Leu-Phe. As in the case for superoxide production, maximum rates of oxygen consumption were obtained in control cells stimulated with f-Met-Leu-Phe alone.
In view of the lack of effect of IFNg on the rate of superoxide production elicited by f-Met-Leu-Phe, further experiments were done with combinations of f-Met-Leu-Phe and PAF which are known to act synergistically on the respiratory burst of neutrophils (23) . Fig. 5 a shows that such a synergism was also observed in mononuclear phagocytes. A preexposure (30 s) to 10 nM PAF, which by itself induced only a minimal response, markedly increased both the rate and the amount of superoxide production in response to 5 or 50 nM f-Met-LeuPhe. The effect of PAF was more pronounced at low f-MetLeu-Phe concentrations, and superoxide formation was not further enhanced when PAF was combined with a maximum effective concentration of 500 nM f-Met-Leu-Phe (data not shown). A similar synergism between both agonists was also obtained in IFNy-treated cells (Fig. 5 b) . The tracings of superoxide production had the same course as those shown in Fig. 2 . As in those experiments, IFNy treatment did not enhance agonist-dependent superoxide production, and the maximum activity of the NADPH-oxidase obtained with f-Met-Leu-Phe alone could not be exceeded. IFNy-treated and untreated cells, indicating that both populations of mononuclear phagocytes have the same cytochrome content, and suggesting that IFN-y did not induce the synthesis of cytochrome b558 or of an analogous cytochrome. was observed with half maximum (1 nM) and saturating (10 nM) concentrations of f-Met-Leu-Phe in IFN-y-treated and control cells. In three different experiments, IFNy had no appreciable effect on the change induced by 10 nM f-Met-LeuPhe (Fig. 8, A and B) . At the lower agonist concentration, however, the rate of the [Ca2+]i rise was consistently somewhat slower ( Fig. 8 C and D) , suggesting a possible decrease in the signal transduction efficiency. Fig. 9 . These results indicate further that the higher responsiveness of IFN-y-treated macrophages to PMA does not result from an elevation of protein kinase C. In a recent report, Berton et al. (13) showed that treatment with Corynebacterium parvum enhanced the capacity of murine peritoneal macrophages to produce superoxide upon stimulation with PMA, but did not alter the level of protein kinase C. Discussion
The mechanism of the enhanced PMA-dependent hydrogen peroxide formation in mononuclear phagocytes treated with IFNey (1) is still incompletely understood, It was shown that the respiratory burst oxidtse ofIFNy-treated, PMA-stimulated human macrophages has a lower Km for NADPH than that of control cells (10) . A higher NADPH affinity was also reported for the respiratory burst oxidase of murine peritoneal macrophages activated by infection (11) or by the intraperitoneal administration of various irritants (1 1-13) . In all these studies Nicotinamide Adenine Dinucleotide-Phosphate Oxidase ofInterferon -y Activated Macrophages 1893 'D the effect of activation in vivo or IFNy treatment in vitro was assessed using PMA as the stimulus (1, 1 1-13, 26 This study fully confirms the original observation that IFN'y increases the respiratory burst activity of human macrophages exposed to PMA (1) . It shows, however, that IFNy does not enhance the physiological (and more efficient) response to receptor agonists, and suggests that its effect is restricted to the respiratory burst induced by PMA. Since IFNy also failed to influence appreciably agonist-induced [Ca2+i changes and the cellular levels of cytochrome b558 and protein kinase C, the notion that increased NADPH-oxidase activity is an expression of macrophage activation (9, 32) does not appear to apply to human mononuclear phagocytes. Recent kinetic studies on human neutrophils (33) and human monocytes (manuscript in preparation) have shown that f-Met-Leu-Phe initiates the respiratory burst much more rapidly than PMA even at maximum-effective concentrations. It is conceivable that IFN'y enhances the responsiveness ofmononuclear phagocytes to PMA by influencing a still unknown intermediate between protein kinase C and the NADPH-oxidase, that may not be involved in the superoxide formation induced by receptor agonist.
These considerations do not question the macrophage-activating properties of IFNy or the cidal effect of NADPH-oxidase products. Higher expression of class II antigens, Fc and complement receptors, and possibly other surface determinants has been amply documented as a correlate of the acquired capacity of IFNy-treated macrophages to kill intracellular parasites and tumor cells (see 34-36 for review). Enhanced adherence and phagocytic activity consequent to the remodeling ofthe macrophage surface membrane can result in stronger respiratory burst responses without actual changes of the NADPH-oxidase and its mechanism ofactivation. Finally, the reported antiparasitic (37, 38) and antitumor (39) activity by NADPH-oxidase deficient human cells indicate that macrophage activation can be fully dissociated from enhanced superoxide or hydrogen peroxide production.
